The study was conducted to investigate the effect and benefit of applying plant growth regulators (PGR) to two easily lodging barley cultivars, Arra and Kilta, which were commonly used for fodder production all over Finland. Field trials were conducted at six experimental sites in different parts of the country. Of the PGRs tested, ethephon and mepiquat/ethephon were the most effective in shortening the culm and preventing lodging. However, neither could prevent the lodge adequately in all growing circumstances. When applied at flag-leaf stage (FS 10) they increased yield under conditions favourable for lodging. They also raised the volume weight of barley, which was important for the final price of the yield. The most important factors determining future lodging of barley were an effective temperature sum of over +5°C and precipitation during the period from sowing to the beginning of tillering (FS 2). About 64-68% of the lodging risk of the cultivars studied could be predicted from weather conditions during early development of the crop. Local growing conditions and the presence of lodge had a marked impact on the results obtained with PGRs. In the case of moderate lodging the compound used determined whether a profit or loss was made on the crop. In the case of heavy lodging, compounds containing ethephon contributed to an economic return. Their application at flag-leaf stage gave a profit of FIM 70 -390 ha 1 . Since the profitability of PGR treatments depended on lodging, treatments are recommended for fodder barley only when lodging is expected. The lodging risk can be predicted within certain limits at the tillering stage of barley.
Introduction
Treating growing cereals with plant growth regulators (PGR) is an established way of preventing lodging and of securing the yield. The range of compounds available for that purpose has increased during the last decade and they now provide good prospects for growth regulation at different developmental stages of the crop (Wiinsche 1977 , Woolley 1981 , Karpenstein and Scheffer 1984 . If the rates of growth substances in crop plants could be manipulated at a certain developmental phase, the yield formation could be regulated as desired at the same time (Bruckner and Höfner 1980, Scheffer et al. 1983 ).
The PGRs available for cereal crops in Finland are chlormequat chloride (CCC, several products), and ethephon both as such ('Cerone') and in a mixture with mepiquat ('Terpal'). CCC has not been satisfactory in preventing lodging of six-row barley under Finnish conditions. When compounds containing ethephon first came on the market, they were expected to be effective in preventing lodging of barley. The need was great, especially for six-row fodder barley in central and northern Finland, where early cultivars, which always have a tendency to lodging, are important. Lodging is further promoted in these areas by the growing conditions, in particular by the high light intensity and high soil moisture content.
Synergistic effects of growth regulators in mixtures have been reported in some studies (Scheffer et al. 1983 , Jung et al. 1987 . Simultaneous use of two or more PGRs has reinforced theirreducing effect on culm length (Höfner and Kiihn 1982) , promoted shoot survival (Scheffer et al. 1983 ) and significantly increased ears m 2 (Ma and Smith 1991) . CCC has usually been one component in the mixtures. By exploiting the synergistic effects of PGRs in mixtures one might be able to cut costs in practical farming, as the effect of a cheaper compound could be enhanced by adding a small amount of a more effective, but more expensive, product.
From the economic point of view, the treatments should be cost effective for the production of fodder. Many studies have shown that the profitability of using PGRs on barley depends on the presence of lodging (Woolley 1981 , Herbert 1983 , Moes 1990 ). Since PGRs have to be applied between the shooting and flag-leaf stages of barley, it is important to be able to asses the probability of future lodging and the need for PGR treatments.
The objectives of this study were to develop a method for predicting lodging at early stages of barley growth, to examine the effect of PGRs on preventing lodging, and on yield and yield components of early spring barley cultivars in different environments. The profitability of using PGRs in fodder barley production was also evaluated.
Some tank mixtures of ethephon and chlormequat were also studied to establish the beneficial synergistic effects of PGRs in regulating the lodge resistance of culms and the development of yield components.
Material and methods

Field trials
The study was conducted by the Institute of Plant Protection (KSL) of the Agricultural Research Centre located at Jokioinen in southern Finland. In addition five research stations took part in the investigation. They were Satakunta (SAT) in southern Finland, Laukaa (LAU) and South Ostrobothnia (EPO) in central Finland and Toholampi (TKP) and North Ostrobothnia (PPO) in northern Finland.
Since growing conditions varied from one site to another, data on soil and nutrition properties in the field trials and on weather conditions at the experimental locations are presented in Tables 1 and 3. Six to ten PGR treatments as listed in Table  2 In 1985-87 the trials were arranged in a randomized block design with one nitrogen level determined as typical of local farming practice (Table 1) . In 1988-89, two levels ofnitrogen fertilization were included in the trial programme. The higher level (N 2 ) was typical of local farming practice and the lower level (N,) was half of that (Table 1 ). The trials were laid out in a splitsplit-plot design using cultivars as the main plots and nitrogen levels as the sub-plots. The six-row spring barley cultivars Arra and Kilta were chosen as the targets of study because of their tendency to lodging and widespread use for fodder production troughout Finland. The seeding rate was 500 kernels nr
The seeds were treated with fungicides against plant diseases.
PGR treatments
The active ingredients ha' 1 and timing of the PGR treatments are listed in Table 2 . The compounds were applied with a gas-powered "van der Weij"-type sprayer, provided with a wind shield and flat nozzles. The water volume was 200 I ha 1 and spraying pressure 300 kPA.
The study was started before ethephon-containing compounds were approved for marketing in Finland. The doses of ethephon and CCC used in the first year proved to be unnecessarily high and were lowered in succeeding years ( Table 2 ). The studied doses of ethephon and mepiquat/ethephon correspond to the highest rates currently recommended for easily lodging barley cultivars.
Assessments and yield components
After the crop had emerged, a sample area of one row metre was marked on each plot. Emerged barley plants in these areas were counted and collected before harvest for yield component analyses. The number and weight of culms and ears, the number and weight of grains per ear, the proportion of green grains in the yield and the harvest index (HI) were determined for the samples. HI is the ratio of grain yield to total dry matter above ground. The height of the stand was measured at the stage defined as milky rape 11.1 on the Feekes scale (FS) (Large 1954) at five places per plot. The height representing the majority of the culms in the stand was measured from the soil surface to the awn tops. The first date of lodging was recorded. Immediately before harvest, lodging was visually assessed on a scale of 0 -100% (o=no lodge, 100=completely lodged), taking into account the angle of culms and the lodged area of each plot.
The crops were harvested with a combine, when ripe for cutting (FS 11.4) , and the grain yield per plot was weighed. Volume weight (kg hi 1 ), grain moisture at harvest, kernel weight (mg) and grain protein concentration (%) were determined on the harvested yield with standard methods to establish the price of the grain yield.
No plant diseases were observed. Weed control was applied if necessary.
Predicting lodging
To establish which factors predict future lodging of barley, the data on mean temperature, effective temperature sum (ETS) over o°, +2°and +5°C and precipitation (PR) recorded at different time intervals during the growing period of barley were studied in relation to lodging by regression analysis. Statistically significant (P=0.15) variables were included in the regression equation one by one and the equation was recalculated until no more significant variables remained.
Profitability of treatments
The economic return on PGR treatments was measured by the monetary profit obtained from the yield at the price level of spring 1992. The Vol. 4: 429^43.
calculation was based on a yield with 15% moisture content using the price of fodder barley, FIM 1.82 kg ', minus a marketing cost of FIM 0.30. The yield price was corrected if necessary, according to the volume weight. The cost of spraying with hired equipment FIM 50 ha' 1 (Työteho-seuran maataloustiedote 1992) and the price of PGRs depending on the compound, were deducted from the yield profit. Because of the step-up scale used for the market prices of PGRs, the cost of treatments fluctuated considerably during the year. Here the following costs per ha were as trampling losses (Köylijärvi 1985) was deducted from the profit of flag-leaf stage treatments.
Statistical analyses
The material showed that the lodging rate in untreated plots of different trials varied widely without any clear connection with the year or the geographical location of the experimental site. To eliminate this kind of variation the data obtained in 1985-87 were classified according to the rate of lodging in untreated plots into the following three groups:
The majority of the trials in 1987 were assigned to class 3, whereas some trials in other years fell in all classes.
Owing to the small size of the data set for 1988-89, it could not be classified in the same way.
The effects ofPGR treatments, nitrogen levels and cultivars and their interactions were established by analysis of variance. The significance of the differences between the means was tested by Tukey's test (HSD, P=0.05).
Weather conditions in growing seasons Weather conditions varied considerably between sites and years ( In 1989, the weather was cool at the beginning of plant growth. Later on, the growing season turned warmer and, as a whole, was favourable to the growth of crops.
Showers were typical of the whole study period causing considerable variation in precipitation between the experimental sites. Thus the stands suffered drought or excessive wetting, depending on the location of the trial.
Results
Factors affecting lodging
The main growing factors affecting lodging were effective temperature sum (ETS) over 5°C and precipitation (PR, mm) during the time between sowing and beginning oftillering (FS 2 Thus, 64-68% of the risk of lodging can be predicted by weather conditions during the period in question. The weather factors of other growing season intervals included in the model did not raise its explanatory level. However, local showers in late summer increased the lodging of barley and gave a rising trend to the figures (Fig. 1) polated from the equations they cannot be considered realistic. According to the model, the risk of lodging in Kilta was generally lowest (0-5%) when the ETS was 165°-215°C and precipitation below 45 mm. Arra has a persistent tendency to lodging. The lowest rates of lodge (0-5%) can be expected between ETS 175°and 200°C when the precipitation is below 25 mm.
The combination of ETS and PR during the risky period (Table 3) 
Effect of variety and treatments
In terms of lodging and yield properties the interactions between cultivars and treatments were not significant. Kilta had a higher kernel weight and harvest index than Arra; it also produced a higher yield and had more grains per ear than Arra. However, within cultivars each PGR treatment had a similar effect on these properties. In consequence, the data on the effect oftreatments were pooled across the cultivars separately for 1985-87 and 1988-89.
Height and lodging
The treatments with mepiquat/ethephon and ethephon alone or in mixtures decreased culm height in all classes from 5 to 14 cm in (Fig. 2) . Applications at flag-leaf stage were most effective. The effect of CCC on culm length was not significant.
Considerable lodging (> 25%) occurred in 62% of all trials, and 26% of the cases were severely (> 70%) lodged. On the basis of classification 1 -3, lodging was most severe in the third group in 1985-87. The late applications of mepiquat/ethephon and ethephon, which significantly shortened the culm height were the most effective in preventing lodge. However, not even they could prevent lodge adequately in the worst cases.
At different N levels, all applications except the earliest CCC treatment shortened barley in 1988-89 (Fig. 3) . Lodging was prevented most effectively with late applications of mepiquat/ ethephon, ethephon and the CCC+ethephon mixture at both nitrogen levels.
Grain yield, weight and protein concentration
In 1985-87 significant differences between treatments in the yield of barley were observed only in class 3, in which the latest applications of mepiquat/ethephon and ethephon increased the yield by 350 and 480 kg ha 1 , respectively (Fig. 4) . The average grain protein concentration was 14.8%. Only early application of ethephon lowered it significantly in classes 1 (14.2%) and 3 (13.4%).
Treatments did not affect the yield of barley at either nitrogen level in 1988-89. Compared with untreated plots early mepiquat/ethephon application decreased the volume weight, the kernel weight, and the grain protein concentration at both nitrogen levels (data not given).
Grain volume weight and kernel weight were influenced by the treatments in different ways, depending on the lodging classification (Fig. 5) . In the event ofsevere lodging (class 3), late treatments with ethephon compounds increased the volume weight, which was important for the price of the yield.
Yield components and grain moisture
In 1985-87, late application of ethephon decreased the weight of ears in class 1. In class 3, treatments usually raised the HI and grain number per ear (data not given). The treatments had no effect on the other yield components measured or on the proportion of green grains. Grain moisture varied from one class to another, usually being lowest in group 1 and highest in group 3 (data not shown). Significant moisture differences between treatments could not be reliably tested because of the low number of observations in each group. According to the field assesments ethephon delayed the ripening of barley by about one day.
In 1988-89, small differences between treatments occurred in the number of ear-bearing culms, grains per ear and HI but they were not significant when compared with untreated plants at either nitrogen level (data not given).
Profitability of treatments
The use of PGRs was not profitable under the conditions existing in class 1 (Fig. 6) . Only the early application of chlormequat gave a favourable result.
In class 2, with variable lodging, the PGR treatments resulted in a profit or loss depending on the compound used. The best result was achieved with a mixture of CCC+ethephon applied at the 1-node stage (FS 6) . Treatment with ethephon at the flag-leaf stage (FS 10) was the least profitable. 
AGRICULTURAL SCIENCE IN FINLAND
Under the growth conditions represented by class 3, which resulted in heavy lodging, the PGRs containing ethephon contributed to an economic return. In this class the volume weight of the yield generally remained low. Consequently, with the exception of the applications at flagleaf stage (FS 10) , the quality of the yield was below the requirements for marketing, and the calculated profit (Fig. 6 ) on other treatments was not realistic. The profit achieved with different ethephon compounds at flag leaf stage varied from FIM 70 to 390 per ha.
In 1988-89, a small profit was achieved at the lower N level only with the earliest CCC treatment (FS 2) (Fig. 7 ). At the higher N level, PGR treatments to the 1-node stage (FS 6) of barley were profitable. Despite the better preventive effect on lodging, later use of ethephon and mepiquat/ethephon resulted in financial loss.
Discussion Lodging
The results obtained with PGRs depended to a considerable extent on local growing conditions and in particular on the presence of lodging risk. This has been shown by several other workers, too (Woolley 1981 , Caldwell et al. 1988 , Herbert 1983 , Simmons et al. 1988 , Ma et al. 1992 ). In the absence of lodging the use of PGRs, ethephon compounds in particular, might even have an adverse effect on barley. Thus some Canadian results suggest that ethephon should only be used when there is a high risk of severe lodging (Moes 1990, Moes and Stobbe 1991) .
Of plant growth regulating factors temperature and precipitation data are readily available to farmers. These were therefore chosen as factors which could be used to forecast the future lodging ofbarley and the need for PGR treatments.
The most important factors for future lodging turned out to be ETS over +5°C and the PR between sowing date and the beginning of tillering (FS 2) of the crop. By influencing the growth intensity and development of the crop stand they affect its tendency to lodge. ETS corresponds to the mean temperature of the time interval measured (Lallukka et al. 1978) and thus the prevailing temperature level.
Weather conditions affecting lodging after the flag-leaf stage and the last treatment are not predictable. Heavy local showers from late July to harvesting are typical of Finnish conditions and cause uncertainty in prognose. This was seen in the explanatory levels of the equations, 64% for Arra and 68% for Kilta. In our study, the predicting future lodging by weather factors (Fig. 1) during early crop development matched well the reality in these limits (Table 3) .
Yield and yield components Early CCC application was not observed to increase tillering in this study, even at the higher nitrogen level used with success in some investigations Kilhn 1982, Scheffer et al. 1983 ).On the other hand, the inefficacy of early CCC treatments has also been reported (Waddington and Cartwright 1986, Steen and Wiinsche 1990) . The lack ofincreased tillering in our study might be attributed to the rapid development of plants under Finnish conditions. Owing to the long day, tillering lasts for about two weeks, which is probably too short for the crop plant to produce several tillers (Kivi 1967) .
In general, no particular yield component was seen to clearly contribute to yield development. Consequently, the yield increase achieved with late applications of ethephon and mepiquat/ ethephon in group 3 may have been due to the prevention of lodge. Our results are supported by other studies in which the effect of PGRs on yield components varied between years and cultivars, hampering the identification of a single component as the major consistent factor (Ma and Smith 1991 a, Ma et al. 1992 ).
The synergistic effect of PGR mixtures on the yield or yield components ofbarley reported in some studies (Karpenstein and Scheffer 1984, Ma and Smith 1991 a) was not significant in our experiments (Fig. 4) . This was in accordance with the investigations of Caldwell et al.( 1988) who found that such results depended on the year and on the sensitivity ofbarley cultivars to PGRs.
Profitability of using PGRs
The profitability of growth regulator treatments depended on the amount, quality and price of the grain yield and the price of the PGR used. For example in classes 1 and 2, CCC treatment alone and, in class 2, CCC plus one tank mixture showed a slight profit due to their low costs (Fig. 6) since no significant yield differences existed between treatments. The same was noted in the trials at different N levels (Fig. 7) . Under stressing growing conditions with heavy lodging all the treatments seemed to be more or less profitable. In reality, though, only three treatments, those with ethephon compounds and a mixture at flag-leaf stage, were profitable as the quality of the yield was poor with the other treatments.
Our study indicated that there is no financial gain to be obtained from using expensive PGRs in fodder barley unless the risk of lodging is really heavy. Profit was obtained with PGRs only when lodging was prevented or delayed. The same has been found in many previous studies (Woolley 1981 , Herbert 1983 , Simmons et al. 1988 , Moes 1990 . Ethephon treatments of fodder barley have given both profitable and unprofitable results in other experiments carried out by the experimental stations of the Agricultural Research Centre of Finland (Kangas 1993) . The wide variation in the performance of PGRs is thus well recorded.
